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Cationic charge-preferential IgG reabsorption in the renal prox-
imal tubules.
Background. The brush border of the renal proximal tubules
has a polyanionic charge. Since immunoglobulin G (IgG)
molecules have a wide range of charge diversity, reabsorption
of urinary IgG molecules are supposed to be influenced by the
electrostatic interaction.
Methods. Charge diversity of serum and urinary IgG
molecules in patients with various renal diseases (N = 12) and
premature neonates (N = 3) were analyzed by isoelectric fo-
cusing and Immunoblotting.
Results. In patients with glomerular diseases, urinary IgG was
solely composed of neutral and anionic IgG, whereas that of
the cationic part (isoelectric point >8) was not observed. By
contrast, in patients with proximal tubular diseases (Dent’s dis-
ease and idiopathic Fanconi syndrome), the proportion of the
cationic IgG was similar to that of serum IgG. In addition, the
cationic part of IgG in the urine was found in the neonates with
a gestational age of 28 and 31 weeks, but not found in those of
35 weeks.
Conclusion. The results suggest that renal proximal tubules
reabsorb the urinary IgG in a cationic preferential way, and this
mechanism requires renal maturation.
Urinary protein is an important sign in predicting renal
disease, including functional abnormality in glomerular
sieving and in the reabsorption of filtered protein. It has
been suggested that the charge and size properties in the
glomerular filtration barrier determine protein filtration.
On the other hand, the reabsorption of the filtered protein
in the tubules is another factor that influences the qual-
ity and quantity of urinary protein, yet the mechanisms
through which tubules prescribe protein reabsorption is
unclear. To understand the origin of urinary protein, es-
pecially considering the charge-selective barrier [1, 2], it
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is necessary to elucidate the relationship between tubular
protein reabsorption and the charge of filtered proteins.
There appear to be two possible pathways of reabsorb-
ing filtered proteins in the tubular cells. One is receptor-
mediated mechanism [3–6]. In this system, multiligand
molecules such as megalin and cubilin are known to
bind to various proteins [7]. These synergistic endocytic
receptors are expressed extensively in renal proximal
tubules and are assumed to reabsorb most proteins within
glomerular filtrate [8]. As cubilin has the ability to fom a
ligand with immunoglobulin G (IgG) j and k light chains
[9], it is likely that cubilin can also interact with the whole
IgG molecule; however, this interaction is yet to be eluci-
dated. On the other hand, neonatal Fc receptor (FcRn),
which is expressed in renal proximal tubular cells [10], was
shown to interact with intact IgG in a pH-dependent man-
ner, and was shown to function in subsequent endocyto-
sis [11]. A second mechanism for tubular reabsorption
is the cationic charge-preferential interaction, although
this needs to be proven. In this mechanism, filtered pro-
teins with a cationic charge in proximal tubular fluid may
interact electrostatically with the anionic charge on prox-
imal tubular brush border [12, 13]. This interaction may
facilitate endocytic action and cause the proteins to be
reabsorbed into the tubular epithelial cells. This mecha-
nism was hypothesized through the analysis of charge di-
versity within serum and urinary IgG [12]. In this report,
we showed that the cationic part of IgG observed in the
serum samples were absent in the urine samples from var-
ious glomerular diseases. As IgG molecules have a wide
range of isoelectric points (pI) from less than 5 to more
than 9, the cationic part of IgG is assumed to be prefer-
entially reabsorbed through the electrostatic attachment.
METHODS
Patients
We studied serum and urine samples from patients
with various glomerular and tubular diseases, and from
neonates as follows: biopsy-proven IgA nephropathy
1556
Takahashi et al: Cationic charge-preferential IgG reabsorption in renal proximal tubules 1557
Table 1. Patients’ profiles
Case Diagnosis Age years Sex GFR mL/min
1 NS 8 M 125
2 NS 8 M 145
3 NS 6 F 120
4 NS 7 M 127
5 IgA 13 F 153
6 IgA 16 F 144
7 IgA 11 F 163
8 LMN 12 F 186
9 Dent 14 M 90
10 Dent 12 M 165
11 Lowe 25 M 36
12 Fanconi 3 M 167
Abbreviations are: GFR, glomerular filtration rate; NS, steroid responsive
nephrotic syndrome; IgAN, IgA nephropathy; LMN, lupus membranous
nephropathy; Dent, Dent’s disease; Fanconi, Fanconi syndrome.
(IgAN) (3), steroid-responsive nephrotic syndrome (NS)
(4), lupus membranous nephropathy (LMN) (1), Dent’s
disease (2), Fanconi syndrome (1), Lowe syndrome (1),
and 3 premature, but otherwise normal neonates with
gestational ages of 28, 31, and 35 weeks. All the pa-
tients with various renal diseases, except Lowe syndrome,
showed normal renal function. The patients’ profiles with
glomerular filtration rate (GFR) are listed in Table 1.
GFR was calculated by using Schwartz’s formula [14].
Sample preparation
Serum and urine samples were obtained from each pa-
tient on the same day. Serum samples were diluted to
adjust the IgG concentration to 100 mg/dL with
phosphate-buffered saline (PBS). The urine samples
were concentrated using a Miniplus filter (Millipore, MA,
USA) to adjust the IgG concentration to 100 mg/dL. In
the serial urine samples, such as from NSER and LM pa-
tients, we adjusted the IgG concentration to 100 mg/dL
for the first in serial samples. The urine samples were
concentrated or diluted to adjust the creatinine concen-
tration to the first sample, then they were concentrated
using the Millipore filter to the same degree as the first
sample.
Electrophoresis
Sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE), isoelectric focusing (IEF), and
two-dimensional electrophoresis (2DE) were performed
according to the method of Goerg [15], using the Phast
System and precast Phast gel (Pharmacia, Uppsala,
Sweden). Phast Gel IEF 3–9 was used for IEF, and Phast
Gel gradient 5–10 was used for SDS-PAGE. SDSPAGE
was performed under non-reducing conditions. For 2DE,
urinary proteins on the gel separated by IEF were equi-
librated in a buffer comprising of 0.112 M acetic acid,
0.112 M Tris amino methane and 2% SDS. The gels were
then applied onto SDSPAGE. With this technique, pro-
teins were separated according to the molecular isoelec-
tric point (pI) along the horizontal axis and to molecular
weight (M.W) along the vertical axis.
Immunoblotting
After electrophoresis, separated proteins were elec-
trophoretically transferred to a nitrocellulose membrane.
The nitrocellulose membrane was then treated with
rabbit antisera against human IgA (a chain; DAKO,
Copenhagen, Denmark) and IgG (c chain; Dako).
After washing, the membrane was treated with
horseradish peroxidase–conjugated antiserum against
rabbit IgG (no cross to human IgG; Cappel, PA, USA),
and the peroxidase reaction was then perfomed.
Quantification of IEF-IB
The immunoblotted membrane of Figures 2 and 3 were
scanned and then analyzed by NIH image, version 1.63. A
scanned area times a mean density was used as a quantity
of IgG in the area. The quantity of the cationic part of
IgG (pI >8) and total IgG (pI 3–9) were measured in
each lane. The ratio of the quantity of cationic and total
IgG in each serum and urine sample was then calculated.
The ratio of the clearance of cationic IgG to the total IgG
(RCc/tIgG) was calculated by dividing the ratio of the
cationic part of IgG in urine sample by that of the serum
sample, those which were obtained in the same day. The
tubular reabsorption ratio of cationic IgG to total IgG
(TRRc/tIgG) was calculated as (1− RCc/tIgG).
RESULTS
The charge and size distribution of the serum and
urinary IgG and IgA analyzed using 2DE with the
subsequent immunoblotting is shown in Figure 1. These
samples were obtained on the same day from a patient
with IgA nephropathy. The cationic part of IgG present
in the serum was not detected in the urine (Fig. 1, arrow).
Because the molecular size in both the urinary and
serum IgG were the same as shown in Figure 1, we con-
ducted IEF-IB instead of 2DE immunoblotting for fur-
ther analysis. Figure 2 shows IEF-IB of IgG in the urine
and serum samples from 5 patients with nephrotic syn-
drome (NS: 3) and IgAN [2]. It is evident that the cationic
part of IgG is faint in all of the urine samples compared
with serum samples.
IgG charge diversities of serum and urine samples from
2 patients with Dent’s disease are shown in Figure 3. The
cationic part of the urinary IgG was stained almost the
same pattern as that of serum IgG.
The serum and urinary IgG charge diversities from a
patient with lupus membranous nephropathy showing
heavy proteinuria were analyzed, in which the urinary
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Fig. 1. Immunoblotting of two-dimensional electrophoresis [isoelec-
tric focusing for the horizontal axis and sodium dodecyl sulfate (SDS)
polyacrylamide electrophoresis for the vertical axis] for IgG and IgA.
The serum and urine samples were obtained from a patient with IgA
nephropathy. The cationic part of IgG (arrow) is faint in the urine
sample.
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Fig. 2. This figure shows isoelectric focusing (IEF)-immunoblotting of
serum (S) and urinary (U) IgG from two patents with nephrotic syn-
drome (NS) and two patients with IgA nephropathy. The cationic part
of IgG is obviously faint in the urine samples.
IgG/creatinine ratio was initially over 2, and then de-
creased sequentially in the course of remission (Fig. 4).
The cationic part of urinary IgG was initially observed
on day 0 and day 7 with the same density as in the serum
IgG. The cationic part of IgG in the urine samples grad-
ually decreased and diminished with the improvement in
proteinuria from day 14 to day 28.
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Fig. 3. Isoelectric focusing (IEF)-immunoblotting of serum and urine
samples obtained from two patients with Dent’s disease. The cationic
part of the urinary IgG (U) was stained to almost the same density as
that of serum IgG (S).
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Fig. 4. Urinary (U) and serum (S) immunoglobulin G (IgG) from a
patient with lupus membranous nephropathy were serially analyzed in
the course of treatment. Urinary IgG charge diversity is almost the same
as that of serum IgG on day 0 and day 7. However, the cationic part of
IgG became increasingly faint with the course of remission (day 14 to
day 28).
The charge diversities of urinary IgG in various
glomerular and tubular diseases are shown in Figure 5. It
is evident that the cationic part of IgG was distinct in prox-
imal renal tubular diseases such as Dent’s disease and
Fanconi syndrome, and very faint in glomerular diseases
(IgA nephropathy and steroid-responsive nephrotic
syndrome).
The charge distributions of urinary IgG in preterm
neonates are shown in Figure 6. The cationic part of IgG
was observed in the urine samples from preterm neonates
with a gestational age of 28 and 31 weeks, and from sam-
ples where it disappeared, within 17 days and 2 days after
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Fig. 5. Charge diversities of immunoglobulin G (IgG) from var-
ious renal diseases were analyzed by isoelectric focusing (IEF)-
immunobotting. Lane 1: IgA nephropathy; lane 2: steroid-responsive
nephrotic syndrome; lane 3: Dent’s disease; lane 4: Fanconi syndrome;
and lane 5: Lowe syndrome. The cationic part of IgG was faint in IgA
nephropathy and steroid-responsive nephrotic syndrome, unless those
were obvious in Dent’s disease, Fanconi syndrome, and Lowe syndrome.
birth. However, it was not observed in the urine samples
from the premature neonate with a gestational age of
35 weeks.
Table 2 shows the results of quantitative analysis of
IEF-IB. As the cationic part of IgG was faint in urine
samples from nephrotic syndrome and IgA nephropathy,
the ratio of clearance of cationic IgG to total IgG (RCc/
tIgG) was low (0.5 to 0.76). In contrast, the clearance of
the cationic part of IgG was almost equal to total IgG
clearance in Dent’s disease (RCc/tIgG: 1.07 and 1.03).
These results reflect the existence of tubular cationic
charge-preferential reabsorption in glomerular diseases
(TRRc/tIgG: 0.24 to 0.5). In contrast, the results of Dent’s
disease reflect the absence of cationic charge preference
(−0.03 and –0.07).
DISCUSSION
The present study found an absence of the cationic
part of IgG molecules in urine samples from patients
with glomerular diseases. Since the renal proximal tubule
is strongly suggested to reabsorb IgG [16], our findings
indicate that a cationic charge-preferential reabsorption
mechanism influences this process.
Most of the patients with glomerular diseases showed
absence of the cationic part of IgG in the urine. However,
a patient with lupus nephritis with marked proteinuria re-
vealed the cationic part of IgG in the urine. It is unclear
whether presence of cationic IgG in urine reflects tubular
dysfunction or is a reflection of the excess amount of uri-
nary IgG. Serial analysis of the urine samples showed the
disappearance of the cationic part of IgG after treatment,
when proteinuria markedly diminished. From these find-
ings, there may be a threshold for reabsorption of the
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Fig. 6. Urinary immunoglobulin G (IgG) charge diversity in preterm
neonates is shown. (A) Urinary IgG charge diversity of a preterm
neonate with gestational age of 28 weeks. The cationic part of IgG
was obvious until day 8; however, it disappeared on day 17 after birth.
(B) Urinary IgG charge diversity of a preterm neonate with gestational
age of 31 weeks. The cationic part of IgG was obvious until day 8; how-
ever, it disappeared at the first day after birth. (C) Urinary IgG charge
diversity of a preterm neonate with a gestational age of 35 weeks. The
cationic part of IgG was not observed, even on the day of delivery.
cationic part of IgG in renal tubules with normal tubular
function.
It is interesting to note that the cationic part of IgG
is found in the urine of proximal tubular diseases, sug-
gesting an impairment of the cationic charge-preferential
mechanism. However, the trafficking defect of megalin
and cubilin has been proven as the cause of proteinuria
in Dent’s disease [16, 17]. Thus, we need to consider not
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Table 2. Clearance ratio of cationic IgG to total IgG
Diagnosis CRc/tIgG TRRc/tIgG
NS (case 1) 0.50 0.50
NS (case 2) 0.50 0.50
NS (case 3) 0.67 0.33
IgA (case 6) 0.69 0.31
IgA (case 7) 0.76 0.24
Dent (case 9) 1.07 −0.07
Dent (case 10) 1.03 −0.03
CRc/tIgG, clearance ratio of cationic to total IgG; TRRc/tIgG, tubular
reabsorption ratio of cationic to total IgG; NS, nephrotic syndrome; IgA, IgA
nephropathy; Dent, Dent’s disease.
only charge-preferential but also receptor-mediated re-
absorption mechanisms, and how these would be deteri-
orated in these patients.
Cationic charge-preferential IgG reabsorption mecha-
nism is supported by the previous in vitro study. It has
recently been postulated that human renal proximal
tubular epithelial cells (RPTEC) revealed IgG endocyto-
sis via neonatal FcRn. Furthermore, binding of IgG and
FcRn is pH-dependent with a high affinity at an acidic
pH (6.0), and with a low or no affinity at neutral pH (8.0)
[11]. These observations support our results, as most IgG
have a pI of more than 6.0, as shown in Figures 1 to 4, and
have positive charge in acidic conditions. On the other
hand, most IgG have a neutral or negative charge in the
basic condition. Therefore, electrostatic interaction be-
tween IgG molecules and negatively charged RPTECs
supports our theory that cationic charge-preferential re-
absorption of IgG may regulate the reabsorption of IgG
in vivo. Further work is needed to address the function
of FcRn in these renal tubular diseases. Taken together,
it is surmised that there is a synergistic role of charge-
preferential and receptor-mediated mechanisms of IgG
reabsorption in the proximal tubules.
Cationic-charge preferential reabsorption mechanism
in premature infants was not observed in the urine sam-
ples of infants with a gestational age of 28 and 31 weeks,
whereas the neonate with a gestational age of 35 weeks
showed reabsorption of the cationic part of IgG. Since
nephrogenesis in human is completed during 32 to 36
weeks of gestational age, this mechanism may be acquired
in association with tubular maturation [18, 19].
CONCLUSION
We have visualized the evidence of a cationic charge-
preferential mechanism for IgG reabsorption in renal
proximal tubules. In addition, we suggest that this mech-
anism facilitates receptor-mediated IgG reabsorption.
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